Coral reef ecosystems develop best in high-flow environments but their fragile frameworks are also vulnerable to high wave energy. Wave-resistant algal rims, predominantly made up of the crustose coralline algae (CCA) Porolithon onkodes and P. pachydermum , in P. onkodes cells necessitates a reappraisal of the impacts of ocean acidification on these CCA. Here we show, using a dissolution experiment, that dried dolomite-rich CCA have 6-10 times lower rates of dissolution than predominantly Mg-calcite CCA in both high-CO 2 (∼700 ppm) and control (∼380 ppm) environments, respectively. We reveal this stabilizing mechanism to be a combination of reduced porosity due to dolomite infilling and selective dissolution of other carbonate minerals. Physical break-up proceeds by dissolution of Mg-calcite walls until the dolomitized cell eventually drops out intact. Dolomite-rich CCA frameworks are common in shallow coral reefs globally and our results suggest that it is likely that they will continue to provide protection and stability for coral reef frameworks as CO 2 rises.
by X-ray diffraction (XRD) using Mg-calcite peak position 8, 9 . Recently, we discovered this discrepancy was due to the presence of previously undetected dolomite and magnesite (MgCO 3 ) forming within the cell spaces 4 . Past determinations of thermodynamic solubility for coralline algae were based on the assumption that they were composed of Mg-calcite [10] [11] [12] . As dolomite was not believed to form in the modern marine environment, determining dolomite solubility under these conditions was considered of limited importance 12 . Dolomite stability has been inferred from the geologic record with a noted correlation between dolomite abundance and periods of higher CO 2 (lower CO 3 saturation state) in the Phanerozoic eon 5 indicating dolomite stability under lower pH conditions.
We carried out dissolution experiments on fragments (∼1 cm 3 ) of CCA (P. onkodes) collected fresh, then dried, from the Heron Island reef front (Great Barrier Reef, Australia) and exposed to ambient sea water as a control and an enriched CO 2 treatment (Methods). pH (National Bureau of Standards scale) ranged from 7.85 to 8.55 (control) and 7.69-8.44 (treatment) tracking natural diurnal changes measured in the lagoon water 13 (Supplementary Tables S1-S3 and Figs S1 and S2). Weight changes from experiments using living CCA are a combination of growth processes and skeletal dissolution 14 . Previous dissolution experiments have used dried, powdered CCA (refs 10,11) , in beakers, with pH conditions not representative of the coral reef environment. The aim of this experiment was to determine the relationship between the mol% MgCO 3 of the CCA skeleton and dissolution without the influence of living processes. Although it was necessary to dry the CCA until dead, the crusts were kept intact so as to obtain results most closely replicating dissolution of exposed skeleton in the natural environment. Understanding this non-biotic dissolution process is important because when the CCA skeleton is exposed in the reef, for example by bio-erosion or breakages, then, without the protection of organic membranes, dissolution will be constrained by the skeletal composition (mineral and structural) 12 . Considering the prevailing theories that Mg-calcites with higher Mg content will undergo greatest dissolution, we were surprised to find a trend in the opposite direction (Fig. 1a) . After ten days in the control and CO 2 treatments, coralline algae from the higher mol% group (17.27−18 mol% MgCO 3 ; by XRD, Methods) had significantly less (p < 0.001) weight loss than the lower mol% group (16.3 − 17.45 mol% MgCO 3 ). The higher mol% group had Table S3b ). The more Mg-rich CCA have the most asymmetrical Mg-calcite XRD peaks. Mg contents determined using the Mg-calcite peak position. Table S3b ).
an average weight loss of 0.17% (s.d. 0.13) and 0.51% (s.d. 0.19), respectively, which was ∼91% and 83% less than the lower mol% group (Supplementary Table S3a ). This trend was also observed in a five-day in situ ocean acidification experiment 15 . The Mg-calcite XRD peaks for the more Mg-rich CCA demonstrated extreme asymmetry (Fig. 1b) , which we discovered indicated the presence of dolomite and magnesite 4 . The less Mg-rich CCA showed only slight asymmetry and this was confirmed to represent a lesser amount of dolomite. We developed a simple technique to numerically describe this asymmetry (M.C.N. et al., manuscript in preparation; Supplementary Fig. S3 ) and found a negative correlation between this dolomite and magnesite asymmetry and weight loss (Fig. 1c) ; control: R = −0.87 (p = 0.01), and high CO 2 : R = −0.77 (p = 0.01; statistics summary Supplementary (Fig. 2a) , whereas D p had Mg-calcite (Fig. 2b ). Both D r and D p CCA had cell infill commencing ∼50-100 µm below the surface. In D r CCA this cell infill could be magnesite (Fig. 2c) or dolomite, whereas in D p CCA, cells were either left void or infilled with Mg-calcite (Fig. 2d) and infrequently, magnesite ( Supplementary Fig. S4 ). Dolomite lining in the D r CCA formed as rhombs and submicrometre-sized mounds (Fig. 2e-g ). In both the D p and D r CCA the reproductive conceptacles contained dolomite (Fig. 3a,b , enlargements Supplementary Figs S5 and S6). A particularly intriguing difference in their natural dissolution process is revealed in the bottom 100 µm; the D r CCA was visibly dense whereas that of the D p CCA was mostly porous owing to limited cell infill (Fig. 3c,d ). We used a gridded point count (Supplementary Information) to estimate the porosity for D r CCA at 6% and D p CCA at 65%, a figure that closely matched the tenfold difference in dissolution between the D r and D p CCA. We estimate that the stable dolomite reduces the reactive surface area in D r CCA by ∼45% (estimated from the point count). The net dissolution process seems to be one of selective mineral dissolution and precipitation. In the base of the D r CCA, Mg-calcite fills cells, magnesite was absent and the dolomite rims remained intact, thus retaining density. In contrast, in the D p CCA the cell infill and interfilament Mg-calcite had dissolved, and only the cell-lining Mg-calcite remained. It seems that the process of physical break-up in the D r CCA occurs through the dissolution of the interfilament and cell-wall Mg-calcite until sufficient wall material has been removed for the dissolution-resistant dolomite cell cast to drop out intact (Fig. 4a,b ). These dolomite cell casts are not only thermodynamically stable but also physically harder than the surrounding Mg-calcite (Fig. 4c) . In the D r CCA, alteration to mineralogy seems to commence about 500-600 µm up from the base (Supplementary Fig. S7 ) and similarly in the D p CCA. Aragonite also infilled discrete cells ( Supplementary Fig. S8 ) and replaced parts of the CCA skeleton. The common Mg-calcite cell infill in the D p and absence from the D r (excluding the exposed base) implies that it is unlikely that the D p is a mid-stage in the formation of D r CCA. Some CCA had XRD asymmetry that was between D r and D p ; SEM revealed banding of layers with and without dolomite rims and little cell infill ( Supplementary Fig. S9 ).
To confirm the sequence of mineral dissolution and removal we performed an etching experiment on the D r and D p CCA (Methods). We found no evidence of cell rim dolomite dissolution; however, dolomite seems to be removed from conceptacles ( Supplementary Fig. S10 ). In both samples the interfilament Mgcalcite is preferentially removed followed by the cell wall Mgcalcite ( Supplementary Fig. S11a-f) . Freshwater experiments on dolomite limestone have demonstrated that dissolution rates of dolomite are independent of pH between 6 and 8 (ref. 16 ) and that water flow velocity is the strongest control on dissolution rates of calcite 17 . Indeed, pore space and permeability are the key parameters influencing skeletal breakdown in temperate coralline algae in undersaturated conditions 18 . We propose that stability of the D r CCA is conferred by their low porosity reducing water flow velocity throughout the lower crust, thereby reducing all dissolution reaction rates 17, 19 and allowing re-precipitation of Mg-calcite within cell spaces. These processes combined result in a net physical break-up to an order of magnitude less than that for D p CCA without dolomite cell lining. The degree of this stability will be influenced by the quantity of dolomite and cell infill. The next question is how prevalent is this dolomite phenomenon? To answer this we determined the mineralogy of samples collected from multiple coral reefs from the Pacific and Caribbean. We found D r CCA in our samples from shallow reef locations at Heron Island (southern Great Barrier Reef), Lizard Island (northern Great Barrier Reef), Okinawa (northern Pacific) and the Caribbean (Supplementary Table S5 and Figs S12 and S13). Dolomite was most commonly found in dense crusts (>3 mm) from high-energy, light environments and was absent from thin crusts growing in shaded locations. CCA skeleton in a reef front algal rim core 6 from Rodrigues (Indian Ocean) demonstrated asymmetry comparable to D r of fresh CCA (Supplementary  Table S5 and Figs S14-S16). These samples were from 35 to 80 cm and 3.2 m down core, an estimated age of 290-670 yr and 2,670 yr, respectively, indicating that this biomineralized dolomite is stable long after the organism has died. We reviewed previous studies that recorded bulk magnesium measurements higher than ∼18 mol% MgCO 3 or XRD asymmetry (for example, refs 8,9,20) to determine whether these CCA may have had the type of dolomite mineralization we have detailed here. Every one of the six coral reefs in those studies had algal-ridge-building CCA with bulk magnesium amounts or XRD profiles that matched our assessment for D r , five of these with magnesite, (Supplementary Tables S6a-d and Fig. S17 ) and included multiple species. By combining these published reports with our results we demonstrate that D r CCA are present in the tropical Indian, Atlantic, North and South Pacific oceans (Supplementary Map S1). Dolomite was not detected in temperate samples in our study (three locations) or in the reviewed studies, suggesting that its formation may be primarily constrained by temperature. These results are in accord with evidence from the geological record for a correlation with higher temperatures and dolomite formation 5 . The final question of importance is whether these D r CCA will continue to survive and produce dolomite under predicted future CO 2 levels. Previous studies have suggested that CCA may be susceptible to ocean acidification 14, 21, 22 ; however, not all have found negative outcomes 23 . Crucially, none of these studies replicated the high-energy environments in which the D r crusts form. The low dissolution rates for the D r CCA in our experimental high-CO 2 treatment demonstrate that these CCA skeletons are unlikely to suffer annual net dissolution in this scenario. The reef front does not experience the extreme diel pH fluctuations as used in our experiment; this will probably further reduce dissolution rates and the net impact will be also be governed by biological tissue coverings, reef attachment, growth and bio-erosion 14 . The high dissolution rate for the D p CCA is concerning as this indicates that there may be no contribution to the reef lagoon sediment from their skeletons as p CO2 approaches the experimental levels of ∼500-700 ppm.
Although the exact process driving dolomite formation in the CCA has yet to be determined, considering the abundance of sedimentary dolomite in greenhouse epochs 5 and the evidence for an organic driver 4, 24, 25 , it is reasonable to suggest that dolomite biomineralization is not inhibited by low saturation state. Support for this notion comes from a recent study demonstrating that dolomite can form abiotically in red algae polysaccharide solutions at starting pH of 7.7-7.9 (ref. 24) . Interestingly, magnesium uptake was positively correlated with polysaccharide concentration. CCA are rich in polysaccharides 26 and light can concentrate polysaccharides at the cell perimeter of red algae 27 . In addition, dolomite formation seems to occur as a process of cell infilling in cells not in direct contact with external water conditions. Considering these studies together with our observations, it seems probable that dolomite mineralization in the CCA is not driven primarily by seawater saturation state. Rather, mineralization is probably reliant on, first, the provision of sufficiently concentrated nucleating sites (organic templates with the CCA), perhaps driven by light and temperature; the subsequent dolomite mineralization may then depend on a further set of suitable environmental conditions, possibly the key being temperature.
Although our data show D r CCA with cell infill are not impervious to increasing dissolution under both present and higher CO 2 , this distinctive dolomite intracellular calcification clearly provides substantial resistance to dissolution in comparison with predominantly Mg-calcite CCA. Laboratory experiments used to determine Mg-calcite dissolution rate data resulted in diagenetic outcomes, that is, the formation of substantial amounts of calcite (for example, ref. 10 ), that were not observed in our samples (Supplementary Fig. S17 ). This suggests that the dissolution data derived from these experiments and subsequent comparisons to aragonite may not be applicable to CCA in their natural environment. We do not ignore that reef stability may be reduced under projected future conditions; however, the stability of dolomite-enriched algal ridge coralline algae offers a positive light in a potentially gloomy future for coral reefs. Until the process and drivers of dolomite formation are understood, the biological response of CCA to higher CO 2 (and probably temperature), and therefore its ultimate contribution to reef stability, will remain uncertain.
Methods
CCA P. onkodes were collected for the dissolution experiment from the reef front of Heron Island in 2009 (details in ref. 4) . Crusts collected had pink living surfaces and exposed bases and were broken off the reef, not dug out. Four crusts of fresh CCA were cleaned by hand of any epiphytes and loose material using a small wooden pick and brush; no chemical cleaning was applied. These crusts were broken into 25 pieces of approximately 1 cm 3 . They were sun dried for two days including cleaning time, in the oven at 40 • C for 9 h and confirmed as no longer photosynthetically active, using a pulse-amplitude-modulated fluorometer. All samples were subject to an equal amount of drying time before the experiment. CCA were dry weighed to the nearest milligram, sensitivity ±0.001 g. The CCA pieces were randomly distributed between the control (n = 3) and treatment (n = 3) flow-through tanks (tank set-up, flow-through system and CO 2 control are as described in refs 15,28) . Dry controls were kept and not used in the experiment to identify any changes in mineralogy due to treatment effect; the XRD results were comparable to samples from both control and treatment tanks (Supplementary Table S3a ). After ten days in treatment tanks, samples were sun dried for seven days and re-weighed. All samples were subject to an equal amount of drying time after the experiment. There was no correlation between starting weight and weight lost. Dissolved inorganic carbon and alkalinity in tanks were determined as in ref. 15 There is a visible gap between the CCA and the coral where the base of the CCA was exposed to sea water; wide arrow-location of SEM image in a; pink surface is the living coralline layer and dolomite infill starts 100-200 µm down into the crust. It is not known whether the dolomite fills in living or dead cells; scale bar, 1 cm. c, Lowest layer subsample (H305) after grinding in a mortar and pestle for XRD, demonstrating that dolomite casts are resistant to grinding whereas the surrounding Mg-calcite has been reduced to a submicron size.
pH meter was used for discrete pH measurements. XRD was undertaken after the completion of the experiment. XRD and SEM with energy-dispersive spectroscopy followed 4 Fig. 2 ). Visual inspection of the XRD for the two samples just less than 24 mol% showed that the curve in the dolomite slope was less than that for samples with D r mineralogy (see legend to Supplementary  Table S5 for further discussion).
For etching, polished samples in resin were placed in a 200 ml beaker of deionized water with the pH adjusted by the addition of HNO 3 or HCl. In the first etching for 1 h, the pH ranged from 7.98-8.01; in the second etching for 6 h, the pH ranged from 7.7-7.82. The water was stirred continuously and the temperature ranged from 25 to 28 • C. To assess the mineralogy of previous studies, information on XRD and bulk magnesium was compared with that from our studies where mineralogy had also been confirmed by SEM with energy-dispersive spectroscopy. confirmed in SEM, magnesite also detected in one cell layer however not detectable in XRD (Fig. 5  SI) . *** The XRD line lay between the dolomite rich and dolomite poor lines in the dolomite range however crossed into the magnesite shoulder. SEM showed this sample had bands of dolomite rich and dolomite poor layers and was without substantial cell in-fill (Fig. 10 SI) . Sample letter refers to the piece of crust which they were broken from. Control is the dry subsample kept from each crust and did not go into tanks. Quantification of dolomite has not been determined as typical methods using curve fitting programs rely on single peaks and the dolomite in the CCA ranges from 38 -62 mol% MgCO 3 resulting in a continuum on the XRD trace making quantification by determining the area under the curve problematic. Statistics summary for Figure 1a and 1c main text. Between control and high CO 2 , the gradients for the mol% and Asymm. mol% are significantly different, p = 0.03 (mol%) p = 0.0038 (Asymm), df =21. The differences in mass loss for the dolomite rich and dolomite poor samples are significant for both control and high CO2, p < 0.001 for both. Plus, has a function to calculate the centre of gravity of a curve (done by using the area function to take a line across the base of the curve -the arrows in this figure-this returns both the area under the curve and the gravity centre). The gravity centre peak position is calculated by the program using the mean of each measurement interval weighted by the net intensity. The result is a gravity centre peak position skewed by the asymmetry, and simply, the more asymmetry then the further right (higher 2-theta, lower d-value) of the highest point the gravity centre is located. Thus in this example the D r sample, visibly strongly asymmetrical, has a gravity centre peak further right (towards lower d-value which results in a higher calculated mol% MgCO 3 ) than the D p CCA. The asymmetry mol% (calculated from the d-value at the gravity centre) is 26.74 mol% MgCO 3 , whereas the asymmetry mol% for the Dp CCA is only 18.96 mol% MgCO 3 . Note the asymmetry mol% is not an average mol% MgCO 3 for the magnesium in all the minerals (when there is dolomite and /or magnesite present). The asymmetry mol% is a quick, reproducible, numerical representation of the curve asymmetry resulting from the presence of higher magnesium carbonates, dolomite and magnesite. The mineralogy of these two samples was confirmed by SEM-EDS. secondary electron image. This magnesite was not detected in the XRD analysis and only one patch was found in the sample. There are no dolomite rims, however the perimeter where the dolomite rims are usually found is void (black in BSE). This suggests that the mineralization processes forming dolomite and magnesite are independent. Mg-calcite (Mg-C). . Dolomite rims remain in the lower layers as does Mg-calcite cell wall however there is no magnesite. Typically in the dolomite rich samples aragonite was detected in the base layers and proximal to holes in the main crust, presenting as both discrete cell replacement, usually with the dolomite rims preserved and fabric destructive patches. This suggests a diagenetic process that transforms unstable mineralogy, i.e. Mg-calcite, and magnesite to aragonite or in-fills non-mineralised spaces. Mg-calcite and could be broken by hand, whereas the D r and magnesite crusts were dense and mostly clean of bio-erosion and required a hammer or considerable force to break. * mineralogy confirmed by SEM, **confirmed by SEM, however not all layers had dolomite rims.
SUPPLEMENTARY INFORMATION

Methods for calculating Mol% MgCO 3 for asymmetrical XRD Mg-Calcite peaks
Additional SEM images
A note on classifying dolomite rich versus dolomite poor. For the experimental data set we identify the asymmetry mol% of 24 as the figure for delineating between dolomite rich and dolomite poor, however this should not be used as an absolute figure for future studies without first confirming by SEM how the dolomite is present. CCA without magnesite can have dolomite cell lining, dolomite cell in-fill and an XRD curve shape in the dolomite range that matches or is greater than the dolomite rich (asymm. >27 mol%) samples, yet have an asymmetry mol% that is only 23-24 mol% because of the absence of magnesite (for example, this was the case for P. onkodes from Lizard Is. and PNG). The two samples (H320 and H321) with asymm. mol% of ~23 mol% (Fig. 1 in the main text) had by XRD a dolomite curve shape that was less than that for the dolomite rich samples with asymm ~27 mol%, however the lower part of the curve extended toward the magnesite position thus giving the reasonably high numerical value. SEM of H320 showed that the dolomite lining though present, was not consistently throughout the sample (Fig. 10 SI) which may explain both the higher asymmetry measurement and the higher amount of dissolution compared to the dolomite rich samples with consistent dolomite cell lining. The asymmetry mol% method is a tool that allows rapid classification of the mineralogy types present so that those most representative of the groupings can be selected for SEM, this is useful when hundreds of samples are being analysed by XRD. Spatial variability of mineralogy. Our reef survey included CCA growing on top of dead coral branches and underneath, a maximum distance apart of 2cm. The CCA on top had dolomite and magnesite, the CCA underneath had a symmetrical XRD scan indicating no dolomite. It seems that mineral variability occurs on a centimetre scale and considering these CCA were both exposed to the same water temperature, chemistry and probably comparable water energy, this suggests that light is the final control on dolomite formation. Mineral variability on a reef scale has not been comprehensively determined however the dolomite rich samples found to date have been from high energy and shallow (less than 5m) environments. Table 6d Mineralogy summary for main algal ridge coralline algae 
